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Introduction
Articular cartilage consists mainly of chondrocytes and the associated extracellular matrix containing collagens and proteoglycans that protect the diarthrodial joints. These articular chondrocytes play pivotal roles of synthesis and degradation of the extracellular matrix.
Osteoarthritis (OA) is caused by mechanical damage to the articular cartilage and is associated with chronic inflammation of joints. Progress of OA is characterized by an increased degradation of articular cartilage. Although, many aspects of the pathogenesis are still unclear (Goldring, 2006; Martel-Pelletier et al., 2008) ; the osmolality of synovial fluid from OA patients is known to be decreased (249~277 mOsm) with respect to that in normal subjects (295~340 mOsm) (Bertram and Krawetz, 2012) . In addition, articular chondrocytes are reported to be sensitive to changes in osmolarity in their extracellular environment (Bush and Hall, 2001; Kerrigan et al., 2006) . When chondrocytes are exposed to hypoosmotic environment, they swell and then subsequently regain their original cell volume following efflux of osmolytes such as ions, sugars, and amino acids. This process is referred as the regulatory volume decrease. In contrast, a hyperosmotic environment leads to chondrocyte shrinking: in this setting cell, its volume recovers by influx of osmolytes, which is known as the regulatory volume increase (Hoffmann et al., 2009 ).
The regulation of cell volume due to regulatory volume decrease and increase mechanisms is mediated, in part, by ion channels and transporters in many types of cells, including chondrocytes (Hoffmann et al., 2009 (Barrett-Jolley et al., 2010; Mobasheri et al., 2012) . In articular chondrocytes, voltage-dependent K + channels and two-pore domain K + channels contribute to the maintenance of the resting membrane potential (Clark et al., 2011; Mobasheri et al., 2012; Wilson et al., 2004) . In addition, in human chondrocytes, we have shown (Funabashi et al., 2010a ) that blockage of Cl -channels causes a significant hyperpolarization that is followed by an enhanced Ca 2+ influx through non-selective cation channels. In chondrocytes, an increase in intracellular Ca 2+ concentration ([Ca 2+ ] i ) facilitates the syntheses of aggrecan and type X collagen (Alford et al., 2003; Bonen and Schmid, 1991; Wu and Chen, 2000) . Accordingly, the Cl -channel conductance in chondrocytes has been suggested to be involved in the synthesis of the extracellular matrix in addition to the regulation of resting membrane potential.
The OUMS-27 cell line was originally derived from human chondrosarcoma. Based on showing that these OUMS-27 cells can exhibit virtually all major functions of chondrocytes, these cells are widely used as a model of chondrocyte physiology and pathophysiology (Demircan et al., 2005; Kunisada et al., 1998) . However, the molecular component(s) and pathological roles of the Cl -channels that respond to a variety of stimuli in chondrocytes are not fully understood. Important new results from our study include: (i) that ClC-7 (also known as CLCN7) is responsible for the Cl -conductance in OUMS-27 cells, and (ii) that downregulation of ClC-7 during hypoosmotic stress alters [Ca 2+ ] i and promotes cell death.
Thus the Cl -channel ] i are important variable in OA patients.
This article has not been copyedited and formatted. The final version may differ from this version. supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen, Carlsbad, CA), 100 units/ml penicillin (Wako, Osaka, Japan), and 0.1 mg/ml streptomycin (Meiji Seika, Tokyo, Japan). Culture medium for isotonic and hypoosmotic conditions were prepared as follows:
350 or 270 mOsm medium was a 1:1 mixture of solution (72 mM NaCl, 5.9 mM KCl, 2.2 mM CaCl 2 , 1.2 mM MgCl 2 , 14 mM glucose, 10 mM HEPES, and 160 or 0 mM sucrose, respectively, pH 7.4) and Dulbecco's modified Eagle's medium (347 mOsm). Articular cartilage tissues from normal subjects and OA patients were obtained from Articular Engineering (Northbrook, IL).
RT-PCR and quantitative real-time PCR
The extraction of total RNA from homogenates of OUMS-27 cells and the reverse transcription (RT) were performed as reported previously (Funabashi et al., 2010b) . RT-PCR was performed using a GeneAmp PCR System 2700 (Applied Biosystems, Foster City, CA).
PCR amplification was carried out for 30 or 35 cycles in OUMS-27 cells or articular cartilage tissues, respectively. Quantitative real-time PCR analysis was performed using the SYBR Green assay (Power SYBR Green PCR Master Mix; Applied Biosystems) on an ABI PRISM 7000 sequence detection system (Applied Biosystems). Each cDNA sample was tested in triplet. Values for each unknown samples relative to the standard curve for specific primers were calculated, yielding transcriptional quantitation of gene products relative to the endogenous standard (β-actin or GAPDH). Specific primers for human genes were designed This article has not been copyedited and formatted. The final version may differ from this version. 
Immunocytochemistry and Western blotting
Immunocytochemical and Western blot experiments were performed as described previously (Funabashi et al., 2010b) . In brief, OUMS-27 cells were incubated with ClC-7 antibody (1:50 dilution; ab86196, Abcam, MA) for 12 h at 4°C, and then were labeled with Alexa Fluor 488
anti-rabbit IgG (1:200 dilution; A11008, Invitrogen/Molecular Probes, Eugene, OR) for 1 h at room temperature (24±1°C). Immunocytochemical images were obtained using a laser scanning confocal fluorescent microscope system (A1R; Nikon, Tokyo, Japan). The protein fraction of plasma membrane was extracted from OUMS-27 cells, and 50 μ g/lane of protein was subjected to 10% SDS-PAGE. Resulting blots were incubated with ClC-7 antibody
(1:200 dilution) for 12 h at 4°C, and then treated with anti-rabbit horseradish peroxidase-conjugated IgG (Chemicon International, Temecula, CA) for 1 h at 4°C, and finally exposed to an enhanced chemiluminescence detection system (Amersham Biosciences, Piscataway, NJ). The luminescence images were analyzed using a LAS-1000 system (Fujifilm, Tokyo, Japan).
Electrophysiological recordings
Electrophysiological studies were performed as described previously (Funabashi et al., 2010b) .
In brief, OUMS-27 cells were incubated in phosphate-buffered saline containing 1%
This article has not been copyedited and formatted. The final version may differ from this version. Photonics, Hamamatsu, Japan), as described previously (Funabashi et al., 2010b ] i measurements were carried out at room temperature (24±1°C).
MTT assays
After OUMS-27 cells were electroporated with control or ClC-7 siRNA, these cells were cultured onto 96-well plates (approximately 1,500 cells per well) for 12 h at 37°C in 5% CO 2 .
Then cells were exposed to either 350 or 270 mOsm medium for 48 h at 37°C. Cell viability was monitored by the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) assay. Cells were treated with MTT solution (10 μl per 100 μl medium) at 37°C for 4 h and then exposed to 20% w/v SDS at 37°C for 6 h. Cell viability was evaluated as absorbance of 595-nm wavelength using a Multiscan JX (version 1.1, Thermo Labsystems, Franklin, MA).
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Drugs
Pharmacological reagents were obtained from Sigma-Aldrich except for EGTA, HEPES, and MES (Dojin, Kumamoto, Japan). Stock solutions (100 mM) of niflumic acid and 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) were made using dimethyl sulfoxide.
Statistics
All Pooled data are shown as mean±SE. Statistical significance between two groups was 
Results
Expression of ClC-7 channels in OUMS-27 cells
In our initial experiments, the mRNA expression pattern for ClC Cl -channels was obtained from OUMS-27 cells using a RT-PCR technique. This analysis (30 cycles) showed detectable transcripts of all known ClC subtypes except for ClC-1 and ClC-5 (N=3). Therefore, the mRNA expression levels for ClC channels (excluding ClC-1 and ClC-5) were examined in OUMS-27 cells using a quantitative real-time PCR technique. This analysis showed that the expression of ClC-7 mRNA was abundant in OUMS-27 cells (0.039±0.006, N=4; Fig. 1A ).
ClC-3 and ClC-4 were expressed at low levels (N=4). Other types of Cl -channel genes, ClC-2, ClC-6, ClC-Ka, ClC-Kb, and CFTR, gave mRNA signals that were near the threshold for 
Acid-sensitive Cl -currents in OUMS-27 cells
To confirm these findings and determine physiological roles of ClC-7 channels, Cl -currents were recorded in OUMS-27 cells using a whole-cell patch-clamp technique. In these experiments, K + currents were blocked by 120 mM Cs + and 20 mM TEA in the pipette solution and Ca positive potentials (4.7±0.9 pA/pF at +100 mV, n=4; Fig. 2A and B). These inward and outward currents were significantly inhibited by 100 μM DIDS, a blocker of Cl -channels (41 and 42% decreases, respectively, n=3 for each, p<0.05 vs. control).
ClC-7 currents are known to be activated by extracellular acidic pH (Diewald et al., 2002; Kajiya et al., 2009; Ohgi et al., 2011) . In our experiments, the Cl -currents were not affected by pH 6.0 (2.8±0.4 pA/pF at +100 mV, n=4, p>0.05 vs. pH 7.4). However, although pH 5.0 did not change the inward current (-3.3±0.6 pA/pF at -100 mV, n=4, p>0.05), the outward current was significantly enhanced (13.1±0.9 pA/pF at +100 mV, n=4, p<0.01). These pH-induced outward currents were completely abolished by 100 μM DIDS (4.1±0.4 pA/pF at +100 mV, n=4, p<0.01 vs. pH 5.0). The DIDS-sensitive inward and outward currents in pH 5.0 solution were -0.9±0.4 pA/pF at -100 mV and 9.9±0.6 pA/pF at +100 mV, respectively (n=4; Fig. 2C ). Note that the reversal potential was -4.9±0.8 mV (n=4), a value that is very close to a theoretical reversal potential of Cl -(+0.28 mV) under these experimental conditions.
The concentration effect of relationship for DIDS on these pH 5.0-induced Cl -currents was examined in detail. As shown in Fig. 2D and E, the currents clearly inhibited by DIDS at concentration range of 10 μM and more (n=3, p<0.05 vs. control). The IC 50 of DIDS on acidification-induced Cl -currents was 13.4±2.2 μM and the Hill coefficient was 0.73±0.13 (n=3).
Attenuation of acid-sensitive Cl -currents by ClC-7 knockdown in OUMS-27 cells siRNA knockdown of ClC-7 was performed to obtain a direct evidence that these acid-sensitive Cl -currents were mediated by ClC-7 channels in OUMS-27 cells. First, the selectivity of 200 nM of ClC-7 siRNA was confirmed by a quantitative real-time PCR method (62% decrease, N=3, p<0.05 vs. control siRNA; Fig. 3A ). There were no significant changes This article has not been copyedited and formatted. The final version may differ from this version. Fig. 3E ).
Involvement of ClC-7 channels on resting membrane potential in OUMS-27 cells
Previously, we reported that a Cl -conductance regulated the resting membrane potential in these OUMS-27 cells. However, the molecular identity and biophysical property were not identified in our initial study (Funabashi et al., 2010a) . To obtain this data, the effect of siRNA knockdown of ClC-7 on the resting membrane potential in OUMS-27 cells was examined using whole-cell current-clamp recordings. In control siRNA-treated OUMS-27 cells, 100 μM DIDS caused a hyperpolarization from -25.9±4.7 to -39.1±7.1 mV (n=4, p<0.05; Fig. 4A and B) , or a difference of 13.2±2.4 mV (n=4; Fig. 4C ). In contrast, when 
Downregulation of ClC-7 channels during hypoosmotic stress in OUMS-27 cells
It is known that the osmolality of synovial fluid in OA patients (249~277 mOsm) is lower than physiological levels (295~340 mOsm) (Bertram and Krawetz, 2012) . Therefore, chondrocytes in OA patients are continuously exposed to hypoosmotic environment. Here, we examined whether the expression of ClC-7 channels was affected in OUMS-27 cells under hypoosmotic conditions. Short-term treatment with hypoosmotic medium (270 mOsm) to downregulate the mRNA expression of ClC-7 in OUMS-27 cells revealed a 46% decrease at 24 h and a 43% decrease at 48 h (N=4, p<0.05 vs. 350 mOsm; Fig. 5A ). When OUMS-27 cells were cultured in isotonic medium (350 mOsm) for 48 h, the peak amplitudes of Cl -This article has not been copyedited and formatted. The final version may differ from this version. Fig. 6A and B). DIDS (100 μM)-induced hyperpolarization in OUMS-27 cells under isotonic or hypoosmotic conditions was 28.1±1.9 or 13.3±3.6 mV, respectively (n=3, p<0.05; Fig. 6C ).
Thereby, the resting [Ca 2+ ] i in hypoosmotic-treated OUMS-27 cells was higher (85.3±8.0 nM, n=52) than that in control OUMS-27 cells (52.0±3.1 nM, n=55, p<0.01; Fig. 6D and E).
Cell death induced by hypoosmolarity or ClC-7 impairment in OUMS-27 cells
To begin to identify the pathological role(s) of ClC-7 channels in the chondrocytes, the viability of OUMS-27 cells was examined using a standard MTT assay. The cell viability was significantly reduced by the treatment with 100 μM DIDS for 48 h (to 1.09±0.01, n=18, p<0.01 vs. control of 1.18±0.02, n=18). As shown in Fig. 7 ClC-2 currents exhibit an inward rectification, whereas ClC-4, ClC-5, and ClC-7 currents show strong outward rectification. ClC-3 currents are activated by membrane hyperpolarization, and inactivated in a time-dependent fashion at strongly depolarizing voltages (Li and Weinman, 2002; Parkerson and Sontheimer, 2004) . ClC-2 and ClC-7 channels are activated by acidic pH, whereas ClC-5 currents are inhibited by acidic pH.
However, the pH sensitivities of ClC-3 and ClC-4 vary with the type of cells (Diewald et al., 2002; Kawasaki et al., 1999; Matsuda et al., 2010; Matsuda et al., 2008; Parkerson and Sontheimer, 2004) . Among ClC channels, ClC-2 and ClC-3 channels are activated by hypoosmotic stimuli. In addition, ClC-3, ClC-4, and ClC-7 currents are sensitive to DIDS, whereas ClC-2 and ClC-5 currents are resistant to DIDS (Li and Weinman, 2002; Parkerson and Sontheimer, 2004) . In rat articular cartilages, there is mRNA expression of ClC-3 (Ponce This article has not been copyedited and formatted. The final version may differ from this version. , 2012) . Two human (ClC-3 and ClC-7) and three rodent (ClC-3, ClC-4, and ClC-6) ClC transcripts have been detected using chondrocyte Affymetrix DNA microarrays (Lewis et al., 2013) . Our data indicate that acid-and DIDS-sensitive ClC-7 channels are functionally expressed in OUMS-27 cells. The IC 50 value of DIDS on the acid pH-induced Cl -currents was 13 μM, which is close to that of ClC-7 (39 μM) in reconstituted cells (Schulz et al., 2010) .
In addition, siRNA knockdown of ClC-7 attenuated Cl -currents elicited by acidic pH solution, strongly supporting our conclusion that ClC-7 is the molecular basis for Cl -current in OUMS-27 cells.
Recently, it has been reported that TMEM16A is expressed in rat articular chondrocytes (Ponce et al., 2012 ] i ≥ 1 μM (Funabashi et al., 2010a) . However, the kinetics of the Cl -currents in this paper differ substantially from these generated by TMEM16A channels (for example, the distinct tail currents). However, the [Ca 2+ ] i increase induced by some stimuli may trigger the activation of TMEM16A channels in addition to the ClC-7 channel activity.
In articular chondrocytes, the resting membrane potential is regulated by Cl -conductances (Funabashi et al., 2010a; Sugimoto et al., 1996; Tsuga et al., 2002) , in addition to K + conductances (Clark et al., 2011; Mobasheri et al., 2012; Wilson et al., 2004) . In many types of cells, Cl -efflux counterbalances K + thus maintaining the electroneutrality. Our previous work suggested a stronger dependence of resting membrane potential on Cl -than K + conductance (Funabashi et al., 2010a) . In this study, blockage of DIDS-and niflumic This article has not been copyedited and formatted. The final version may differ from this version. (Funabashi et al., 2010b; Gavenis et al., 2009; Hdud et al., 2012) . Blockage of Cl -channels by DIDS caused a significant hyperpolarization followed by an increase in [Ca 2+ ] i .
As OA progresses, there is degradation and loss of articular cartilage, as well as enhanced inflammation of the synovial membrane (Goldring, 2006; Martel-Pelletier et al., 2008) . In OA patients, the osmolality of the synovial fluid (249~277 mOsm) is lower than normal (295~340 mOsm) (Bertram and Krawetz, 2012 -activated Cl -channels, and aquaporin water channels are upregulated, whereas TASK-2 channels, K Ca 4.2 subunit, and epithelial Na + channels was downregulated at the transcript levels in tissues from OA patients (Lewis et al., 2013) . A recent report describes that the hypoosmotic stress increases the expression levels of BK Ca and TRPV4 channels in equine articular chondrocytes (Hdud et al., 2014) . In addition, we found ClC-7 channels downregulated by hypoosmotic stress that mimics an external OA environment. The expression of ClC-7 mRNA was detected in articular cartilages isolated This article has not been copyedited and formatted. The final version may differ from this version. 21 from normal subjects and OA patients by RT-PCR (unpublished observation). Unfortunately, in our study, the amount of tissue was too small to compare quantitatively the expression level between these two groups. Further experiments are necessary for elucidating the mechanism underlying the downregulation of ClC-7 channels during hypoosmotic stress in chondrocytes.
An increase in [Ca 2+ ] i can initiate and modulate important chondrocyte functions such as cell proliferation/differentiation and matrix formation (Alford et al., 2003; Bonen and Schmid, 1991; Wu and Chen, 2000) . The contributions of ion channels to cell proliferation of chondrocytes has been discussed (Barrett-Jolley et al., 2010; Mobasheri et al., 2012; Wohlrab et al., 2001; Wu and Chen, 2000) . A corresponding moderate increase in [Ca 2+ ] i promotes cell proliferation, while larger, maintained [Ca 2+ ] i increases cause cell death. Our cell viability data reveals that short-term hypoosmotic stress causes enhanced cell death in OUMS-27 cells.
This increase in cell death was mimicked by siRNA knockdown of ClC-7. Taken together, these results strongly indicate that ClC-7 channels substantially regulate chondrocyte resting membrane potential and [Ca 2+ ] i , and can modulate cell survival. Specifically, ClC-7 impairment due to hypoosmotic stress causes membrane hyperpolarization of the resting potential and this is followed by [Ca 2+ ] i increase leading to eventually cell death in these chondrocytes. The number of apoptotic chondrocytes is increased in articular cartilage from OA patients and hence the cartilage degradation is facilitated in OA patients (Hashimoto et al., 1998 ).
In conclusion, ClC-7 channels are functionally expressed in OUMS-27 cells. Their expression levels and functional properties were reduced by hypoosmotic stress that mimics the external environment of OA patient articular joint. Downregulation of ClC-7 channels causes a hyperpolarization of the resting membrane potential and this produces an increase in [Ca 2+ ] i , This article has not been copyedited and formatted. The final version may differ from this version. This article has not been copyedited and formatted. The final version may differ from this version. This article has not been copyedited and formatted. The final version may differ from this version. This article has not been copyedited and formatted. The final version may differ from this version. 
